As a novel non-destructive testing technique, capacitive imaging (CI) has been used to detect defects within the insulation layer and metal surface of an insulated metallic structure, that is, pipe or vessel. Due to the non-linearity of the probing field, the defects at different depths in the insulation layer are difficult to compare accurately using the conventional CI sensor with a single pair of electrodes. In addition, the conventional CI sensor cannot provide adequate information to discriminate the defects in the insulation layer and metal surface. In order to solve the above-mentioned problems, the multi-electrode sensor is introduced. The multi-electrode sensor uses multiple quasi-static fringing electric fields generated by an array of coplanar electrodes to obtain extra information about the defects in the specimen. In this work, the feasibility of multiple quasi-static electric fields detecting the defects was demonstrated and the Measurement Sensitivity Distributions (MSDs) of the multi-electrode sensor detecting the defects were acquired using the FEM models. The simulation and experimental results show that the Dynamic Change Rates (DCRs) of the measured values obtained at the center of the defects in the insulator layer and metal surface present different variation patterns, which can be used to discriminate these two different kinds of defects. The reasons for the different variation patterns of DCRs were explained by the changing trends of MSDs with increased electrode separation. In addition, it was demonstrated that the different depths of the defects in the insulator layer can be compared accurately by comprehensive analysis of the detection results from all the electrode pairs.
Introduction
Insulation layer is a protective structure for metal pipeline to resist corrosion [1] [2] [3] . It is used to insulate metal pipeline from corrosion environment such as moisture content, to restrain the occurrence of corrosion on the surface of metal pipeline and finally to achieve the purpose of controlling corrosion [4] . Due to defects in pipeline production, external mechanical action, disturbance or pressure of soil, wear of rock, bacterial invasion and other factors, the defects of the insulator layer and metal surface often occur [5] [6] [7] [8] . Therefore, it is very useful to detect the defects both in insulator layer and metal surface. When there are defects in the insulator layer, it is necessary to replace the insulator layer. When there are defects in the metal surface, it is necessary to replace the insulator layer and metal pipeline at the same time. Discriminating the defects in the insulator layer and metal surface is thus beneficial to take appropriate remedial measures to reduce maintenance cost and improve production efficiency [9] . It is a challenging work for conventional NDE technique and capacitive imaging (CI) technique has been proven to be a feasible technique in previous work [10] [11] [12] [13] .
As a novel non-destructive testing (NDT) technique, CI has been used for oil pipelines, storage tanks, nuclear power stations and new armor in recent years [14] [15] [16] [17] [18] . It has many advantages, such as easy to implement, cost effective, environment friendly and non-contact [10, 12] . The CI can not only detect surface defects in a conductor but also detect internal defects in a non-conductor [11] . A conventional CI sensor consists of two co-planar electrodes, one being the driving electrode and the other being the sensing electrode [13] . The detection principle of CI is shown in Figure 1 . An AC voltage is applied to the driving electrode and the sensing electrode is connected to a measurement circuit. As shown in Figure 1a , when the CI sensor detects a non-conducting specimen, the fringing electric field emanates from the driving electrode and terminates at the sensing electrode. The fringing electric field can reach the inside of the non-conducting specimen through the air gap. If there is a defect inside the non-conducting specimen, it will influence the distribution of the fringing electric field and thus impacts the charge on the sensing electrode. As shown in Figure 1b , when the CI sensor detects the conducting specimen covered by an insulation layer, the fringing electric field emanates from the driving electrode and terminates at the sensing electrode and on the surface of the conducting specimen. If a defect exists on the surface of the conducting specimen, it will also influence the distribution of the fringing electric field and thus impacts the charge on the sensing electrode. In summary, all the changes of the charge can be used to detect the defects within the insulation layer and metal surface. Note that for a clearer illustration, only the effective electric field lines, which originated from the driving electrode and terminated on the sensing electrode, were included in Figure 1 . Field lines that terminated at the ground and infinity have minimal impact on the measured values and were omitted from the illustrative figure. It is very difficult to accurately compare the defects at the different depths in the insulation layer and discriminate the defects within the insulation layer and metal surface using the conventional CI sensor with a single sensing electrode, because using a single pair of electrodes is hard to obtain more information about the defects. In order to solve the above problems, the multi-electrode sensor which can give more information about the defects in the depth direction was proposed and briefly introduced in Section 2. The finite element method (FEM) models were then constructed by COMSOL Multiphysics (COMSOL Co., Ltd.). The electric potential lines, measurement sensitivity distributions (MSDs), capacitances and dynamic change rate (DCRs) of the multi-electric sensor which was used to defect the defects were studied using FEM models in Section 3. CI experiments with the multi-electrode sensor were also carried out on a fiberglass composite specimen and an aluminum specimen covered by a fiberglass board. The experimental results are presented and discussed in Section 4. Discussions and conclusions are then presented in Section 5.
Principle of the Multi-Electrode Sensor for Defect Detection
The multi-electrode sensor uses multiple quasi-static fringing electric fields generated by an array of coplanar electrodes to acquire more information about the defects in the specimen and it has two different detection mechanisms according to the electrical conductivity of the specimens. Taking a four electrode sensor as an example, the detecting principle of the multi-electrode sensor is shown in Figure 2 . An AC voltage is applied to the driving electrode and an array of the sensing electrodes are connected to a measurement circuit via a Multiplexer (MUX). . Thus its depth information will be approximated and that can be used to discriminate the different depths of the defects in non-conducting specimen.
As shown in Figure 2b , when the conducting specimen is covered by an insulation layer, the fringing electric field emanates from the driving electrode (No. 1) and terminates at the different sensing electrodes (No. 2-4) and on the surface of the conducting specimen. If a defect exists on the surface of the conducting specimen, it will influence the distribution of the different fringing electric fields and thus impacts the charge on the whole sensing electrodes (No. 2-4). The change on the charge of the different sensing electrodes contains more information about the defects, which may be used to discriminate the defects of the insulation layer and metal surface.
Simulation Analysis of the Multi-Electrode Sensor for Defect Detection

FEM Models and the Electric Potential Lines
In this work, finite element method (FEM) models have been constructed to calculate the electric fields from the multi-electrode sensor in the process of inspection and to validate the feasibility of detecting defects for the non-conducting specimen and conducting specimen covered by an insulation layer. FEM models can be used to predict the electric fields between the driving electrode and the different sensing electrodes and predict the electrode fields between the sensor surface and different specimens. Because the fringing electric fields from the multi-electrode sensor are considered as quasi-static electric fields, simplified versions of Maxwell's equations [19] can be used, namely
where, E denotes the electric field, H denotes the magnetic field strength or auxiliary field, D denotes the electric displacement field, ρ denotes the free electric charge density and B denotes the magnetic field. The analysis of the multi-electrode sensor can be considered as electrostatic analyses with the simplified Equations (1)- (4) and the electric fields can be simplified to be produced by various charge distributions from the multi-electrode sensor. According to Equations (5) and (6), the potential distribution ϕ can be obtained by using FEM models [11, 12] .
where, E again denotes the electric field, ϕ denotes the electric potential distribution, ε 0 denotes the electric constant or the permittivity of a vacuum, and ε r denotes the relative permittivity. It is well known that electric field lines are always perpendicular to electric potential lines [20] . If a defect exists in the effective inspection range of the fringing electric field, it can cause distortion of the electric field lines and cause distortion of the electric potential lines correspondingly. The distribution of the fringing electric field lines near the defect is extremely complex. It is very difficult to obtain the distortion of the electric field lines, while it is relatively easy to obtain the distortion of the electric potential lines [21] . According to Equations (1)-(6), the electric potential lines can be acquired using FEM models. In order to clearly display this distortion, electric potential lines were employed in our FEM models.
Theoretical FEM models were constructed by using the AC/DC module in COMSOL, which can be used to model the distribution of the electrical potential lines near a defect for the multi-electrode sensor. As shown in Figure 3a , a multi-electrode sensor consists of four co-planar electrodes, one being the driving electrode (No. 1) and the other three being the sensing electrodes (No. 2-4). The center distance between any two adjacent electrodes is 13 mm. Besides that, the multi-electrode sensor has a surrounding shielding electrode (No. 5) which was used to shield external stray capacitance. The total size of the multi-electrode sensor is 55 mm×30 mm and the four co-planar electrodes have the same width (b = 10 mm) and height (h = 23 mm). To save computation cost, 2D FE models which describes the cross-section of the above mentioned sensor along the symmetric axis (as indicated by the red line in Figure 3a ) and the specimen under test were used hereafter.
The cross-section of the multi-electrode sensor is shown in Figure 3b . CL12, CL13, CL14 were the center lines between the driving electrode (No. 1) and the different sensing electrodes (No. 2-4) respectively. They are at different positions, which can cause shifted features in the corresponding capacitive images when imaging the same defect. L23 was the distance between CL12 and CL13 and L34 was the distance between CL13 and CL14. L23 and L34, which were the offsets of test results of adjacent electrode pairs, were equal to 6.5mm. Note that, when detecting the same defect by using the multi-electrode sensor, position compensation according to L23 and L34 should be used to align the detected features for direct comparison.
The 2D model describing a multi-electrode sensor to detect a conducting specimen covered by an insulation layer is shown in Figure 3c . There were two kinds of defects in the specimen, one located in insulation layer and the other located on the surface of conducting specimen. The two defects were all 8 mm × 5 mm and the horizontal center distance of them was 60 mm. The insulation layer, which was fiberglass, was 230 mm × 10 mm. The conducting specimen, which was aluminum plate (grounded), was also 230 mm × 10 mm. The lift-off, which was the distance between the multi-electrode sensor and insulation layer, was always 2 mm.
As the quasi-electric field assumes that there is no coupling between the magnetic field and the electric field, the distributions of electric potential lines can be formed under the driving electrode (No. 1) by using the multi-electrode sensor. Because of the quasi-electric field, the driving electrode (No. 1) was connected to 10 V DC and the sensing electrodes (No. 2-4) were all connected to 0 V DC in the FEM models. In the actual experiments, when one sensing electrode was selected by the MUX (with its potential set to be 0 V), the other two sensing electrodes were in floating potential state. In FE models, although "floating potential" is also available, due to the fact that it was difficult to determine the voltage value of the floating potential which was susceptible to the influence of the surrounding environment (e.g., human and metals) in the actual environment, the two inactive sensing electrodes were connected to 0 V DC in simulation. Figure 4a ,b, it was found that if there was a defect located in the insulation layer, the electric potential lines would be distorted in the boundary between the defect and insulation layer. The distortion of the electric potential lines shows that the multi-electrode electrode could in principle detect the defect located in the insulation layer. Comparing Figure 4a ,c, it was found that if there was a defect on the surface of the conducting specimen, the electric potential lines would downward extend to the surface of the conducting specimen. The changes in the electric potential lines show that the multi-electrode sensor could in principle detect the defect located on the surface of the conducting specimen. In summary, the simulation diagrams of electric potential lines validated the feasibility of the multi-electrode sensor detecting the defects which were located in the insulation layer and on the surface of the conducting specimen. 
MSDs, the Capacitances and the DCRs
Electrode pairs between the driving electrode (No.1) and the different sensing electrodes (No. 2-4) were abbreviated to E21, E31 and E41 respectively here after. It is inappropriate to use a single sensitivity value which is usually used to evaluate a sensor performance to characterize the multi-electrode sensor, as the measurement sensitivity value at each point in the probing area is position dependent and can be described as a measurement sensitivity distribution (MSD). The MSD, which describes how effectively each region in the probing area contributes to the measured charge signal on the sensing electrodes (No. 2-4), can also be considered as a 3D point spread function (PSF) in the imaging process and used to comprehensively evaluate the performance of the multi-electrode sensor [13] . The measurement sensitivity value S at a given position with coordinate (x, y, z) can be calculated using Equation (7).
Where ξ D and ξ E are the electric fields in the position (x, y, z) when the driving and sensing electrodes are energized with excitation voltage of the same size respectively. As the angle between ξ D and ξ E can less than, equal to or greater than 90 degrees, the value of MSD which is the negative inner product of these two vector can be positive, zero and negative according to Equation (7). inspecting the specimen without defects (a), the defect located in the insulation layer (b) and the defect located on the surface of the conducting specimen (c); E31 inspecting the specimen without defects (d), the defect located in the insulation layer (e) and the defect located on the surface of the conducting specimen (f); E41 inspecting the specimen without defects (g), the defect located in the insulation layer (h) and the defect located on the surface of the conducting specimen (i).
As shown in Figure 5 , the MSD diagrams of the multi-electrode sensor were obtained by 2D FEM models, which could be used to further explain the feasibility of detecting defects using the multi-electrode sensor. Comparing Figure 5a ,b when E21 was used to inspect a defect in the insulation layer, the positive MSD ("Zone A" in Figure 5b ) would extend to the upper boundary of the defect and the absolute value of negative MSD ("Zone B" in Figure 5b ) would become larger. Comparing Figure 5a ,c when E21 was used to inspect a defect on the surface of the conducting specimen, the area of the positive MSD ("Zone A" in Figure 5c ) had no change. The negative MSD ("Zone B" in Figure 5c ) had two different changes; one was that it spreads to the interior of the defect and the other was that it gathered at the intersection of the defect, the insulation layer and the conducting specimen. Comparing Figure 5d ,e when E31 was used to inspect a defect in the insulation layer, the positive MSD ("Zone A" in Figure 5e ) would extend to the upper boundary of the defect and the absolute value of negative MSD ("Zone B" in Figure 5e ) would became larger. Comparing Figure 5d ,f when E31 was used to inspect a defect on the surface of the conducting specimen, the area of the positive MSD ("Zone A" in Figure 5f ) became a little larger. The negative MSD ("Zone B" in Figure 5f ) had two different changes; one was that it spreads to the interior of the defect and the other was that it gathered at the intersection of the defect, the insulation layer and the conducting specimen. Comparing Figure 5g ,h when E41 was used to inspect a defect in the insulation layer, the positive MSD ("Zone A" in Figure 5h ) would extend to the upper boundary of the defect and the absolute value of negative MSD ("Zone B" in Figure 5h ) would became larger. Comparing Figure 5g ,i when E41 was used to inspect a defect on the surface of the conducting specimen, the area of the positive MSD ("Zone A" in Figure 5i ) became larger. The negative MSD ("Zone B" in Figure 5i ) had two different changes; one was that it spreads to the interior of the defect and the other was that it gathers at the intersection of the defect, the insulation layer and the conducting specimen. In summary, the different changes of the MSD diagrams not only validated the feasibility of detecting two different kinds of defects using the multi-electrode sensor (e.g., E21, E31 and E41) but also provided preliminary reasons to explain the multi-electrode sensor can discriminate the defects of the insulation layer and conducting surface.
The FEM model of the multi-electrode sensor inspecting conducting specimen covered by insulation layer was shown in Figure 3c and the capacitance lines of E21, E31 and E41 obtained by using this FEM model were shown in Figure 6a -c respectively. In each single imaging diagram of Figure 6a -c, it hardly discriminated the defects of insulation layer and conducting surface. Even if the defect of the insulation layer could be discriminated through the concave shape of the capacitance lines shown in Figure 6b ,c, the defect of conducting surface could not be completely discriminated through the convex shape of capacitance lines shown in Figure 6a-c. Comparing Figure 6a -c, the offset of any two adjacent electrode pairs (e.g., E21 and E31, E31 and E41), which was discussed in Figure 3b , was 6.5 mm. It is necessary to take position compensation for testing results, so that the corresponding abscissa of the different electrode pairs detecting the center of the same defect could be at the same position. The DCR is usually used to evaluate the performance of the conventional CI sensor under the condition of reducing the effect of external noise signals and it can evaluate the conventional CI sensor with different orders of magnitude on the same benchmark. The DCR can also be used to analyze the performance of the multi-electrode sensor and it is defined as follow
where, y is the measured value from the multi-electrode sensor inspecting the specimen which contains defects and yn is the mean value of the same multi-electrode sensor inspecting the specimen where there are no defects. Through position compensation, the DCR of E21, E31 and E41 were shown in Figure 6d . It was found that the DCR of the different electrode pairs detecting the center of two different kinds of defects presented different variation patterns. For the defect in the insulator layer, the DCR of the center of the defect showed a monotonous decreasing trend with the electrode pairs changing from E21 to E31 to E41. While for the defect in the conducting surface, the DCR of the center of the defect showed a monotonous increasing trend with the electrode pairs changing from E21 to E31 to E41. These different variation patterns showed that the multi-electrode sensor could completely discriminate the defects in the insulation layer and conducting surface, the reasons of which were preliminarily explained by the different changes of the MSD diagrams shown in Figure 5 .
Experiments of the Multi-Electrode Sensor
The multi-electrode sensor is an important part of a CI system that can be used for detecting the defects and the setup of our basic experimental system is shown in Figure 7 . Besides the multi-electrode sensor, this CI system consisted of a function generator, a charge amplifier, a lock-in amplifier, an X-Y-Z scanning stage, PXI (National Instruments, Shanghai, China), DAQ (National Instruments) and software [22] [23] [24] [25] . The function generator was used to generate the driving voltage (10 V), the frequency of which was 10 kHz. The wavelength of the driving voltage is far larger than the size of the instrument, therefore the fringing electric fields can be considered as quasi-static fringing electric fields at this frequency. The charge signals of three different channels obtained by the different sensing electrodes (No. 2-4) were converted to the charge signals of one channel through the NI PXI-2503 multiplexer module which was installed in PXI. The charge amplifier was used to change the converted charge signals into AC voltages. The lock-in amplifier was used to change AC voltages into DC voltages which were acquired by DAQ. The acquired DC voltages were converted to the DC voltages of three different channels by software, thus the DC voltages of three different channels which were corresponding with the different electrode pairs (e.g., E21, E31 and E41) were finally storage in PXI. The X-Y-Z scanning stage was controlled by software to scan over the specimens. In this experimental system, the multi-electrode sensor was used to detect the defects: defects on the surface of the fiberglass board, defects buried in the fiberglass board, defects within the fiberglass board and aluminum plate. 
Defects on the Surface of the Fiberglass Board
As shown in Figure 8 , the non-conducting specimen (fiberglass board) contained three surface defects and the three surface defects from left to right were abbreviated to S1, S2 and S3. The diameters of these three defects were all 10mm and the depths of these three defects from left to right were 3 mm, 2 mm and 1 mm respectively. In addition, the distance between any two adjacent defects was 80 mm and the length of the line scans was 220 mm, leaving 20 mm on each side of the boundary to avoid edge effects. The red line shown in Figure 8 was the inspection path using the multi-electrode sensor and the lift-off was 0.1 mm. Through position compensation, the experimental results of the multi-electrode sensor detecting three surface defects were shown in Figure 9a -c. For any single result, it could be seen that the depths of three surface defects were decreased from left to right in turn. Except that, it was difficult to acquire approximately quantitative information about the depths of these three surface defects through any single result. For different depths of surface defects, different plate pairs (e.g., E21, E31 and E41) showed different results, which could be used to approximate the depths of three surface defects. Compared with these three line scans of S1 and S2, there were one trough in Figure 9a ,b and two obvious troughs in Figure. 9c, so S1 and S2 were approximate with the sensing area of E31. Compared with these three line scans of S3, there were one trough in Figure 9a and two obvious troughs in Figure. 9b,c, so S3 was approximate with the sensing area of E21. For S1, S2 and S3 in Figure 9c , the two troughs of each defect were unequal, which were all caused by the MSDs asymmetry induced by the floating potential in actual experiments. 
Defects Buried in the Fiberglass Board
As shown in Figure 10 , the non-conducting specimen (fiberglass board) contained three buried defects and the three buried defects from left to right were abbreviated to B1, B2 and B3. The diameters of these three defects were all 10mm and the buried depths of these three defects from left to right were 3 mm, 2 mm and 1 mm respectively. In addition, the distance between any two adjacent defects was 80 mm and the length of the line scans was 220 mm, leaving 20 mm on each side of the boundary to avoid edge effects. The red line shown in Figure 10 was the inspection path using the multi-electrode sensor and the lift-off was 0.1mm. Through position compensation, the experimental results of the multi-electrode sensor detecting three buried defects were shown in Figure 11a -c. As shown in Figure 11a , the voltage of E21 detecting B1 was greater than the reference value which was rough red line. In previous work, the voltage would become greater when the conventional CI sensor defecting the defects on the surface of the conducting specimen. This abnormal phenomenon of detecting the non-conducting specimen was caused by the negative MSDs of different regions. Unlike the depths of the surface defects, it was extremely difficult to acquire approximately quantitative information about the depths of three buried defects because of the negative MSDs of different regions. If Figure 11a was the only picture acquired by the conventional CI sensor, B1 could be mistaken for a defect on the surface of the conducting specimen. As shown in Figure 11b ,c the voltages of E31 and E41 detecting B1 were smaller than the corresponding reference values, which meant that B1 was a defect of the non-conducting specimen. By comparing these three line scans of B1, it could be sure that B1 was a defect of the non-conducting specimen, which could eliminate the misjudgment which was caused a single picture. Besides that, it was found that B1, B2 and B3 were the defects of the fiberglass board and their buried depths were decreased from left to right in turn. For B3 in Figure 11c , the two troughs were unequal, which was again caused by the MSDs asymmetry induced by the floating potential in actual experiments. 
Defects within the Fiberglass Board and Aluminum Plate
As shown in Figure 12a , the insulator layer, which was fiberglass board, contained a buried defect. The diameter of this buried defect was 8 mm and the buried depth of the defect was 5 mm. As shown in Figure 12b , the conducting specimen, which was aluminum plate (grounded), contained a surface defect. The diameter of this surface defect was 8 mm and the depth of the defect was 5 mm. As shown in Figure 12c , the complete specimen was the aluminum plate covered by the fiberglass board. The horizontal distance between these two defects was 60 mm and the length of detecting path was 140 mm, leaving 45 mm on each side of the boundary to avoid edge effects. The red line shown in Figure 12c was the inspecting path using the multi-electrode sensor and the lift-off was 2 mm. The voltage lines of E21, E31 and E41 obtained by using experimental system were shown in Figure 13a -c respectively. Comparing Figure 13a -c, the offset of any two adjacent electrode pairs (e.g., E21 and E31, E31 and E41), which was discussed in Figure 3b , was 6.5 mm. Through position compensation, the experimental DCRs of E21, E31 and E41 were shown in Figure 13d . The DCRs of the different electrode pairs detecting the center of two different kinds of defects presented different variation patterns, which were consistent with the simulation results. More narrowly, for the defect in the insulator layer, the DCRs of the center of the defect showed a monotonous decreasing trend with the electrode pairs changing from E21 to E31 to E41. While for the defect in the metal surface, the DCRs of the center of the defect showed a monotonous increasing trend with the electrode pairs changing from E21 to E31 to E41. Compared with the conventional CI sensor, the multi-electrode sensor could discriminate the defects in the insulation layer and metal surface by these different variation patterns. The two peaks of the DCRs of E31 and E41 detecting the defect in the insulator layer were roughly equal, because the ground aluminum plate weakened the MSDs asymmetry which was induced by the floating potential in actual experiments.
Discussions and Conclusions
In this paper, a new CI sensor with multiple electrodes was used to detect defects in the insulation layer and metal surface. The changes of the electric potential lines, which were acquired by FEM models, have validated the feasibility of multiple quasi-static electric fields detecting these defects. The MSDs of the multi-electrode sensor detecting the defects were acquired using the FEM models. The DCRs of the measured values obtained at the center of these two kinds of defects presented different variation patterns, which were verified by both FEM models and experiments. For the defect in the insulator layer, the DCRs of the measured values obtained at the center of the defect showed a monotonous decreasing trend with the electrode pairs changing from E21 to E31 to E41. While for the defect in the metal surface, the DCRs of the measured values obtained at the center of the defect showed a monotonous increasing trend with the electrode pairs changing from E21 to E31 to E41. These different variation patterns, which were explained by the trends of the changes of MSD, could be used to discriminate defects in the insulation layer and metal surface. In addition, analyzing all the detection results of the experiments can accurately compare the different depths of the defects in the insulator layer by using the multi-electrode sensor. For the surface defects, the surface depth was gradually decreasing from S1 to S2 to S3. Besides that, S1 and S2 were approximate with the sensing area of E31 and S3 was approximate with the sensing area of E21. For the buried defects, the buried depth was gradually decreasing from B1 to B2 to B3.
It should be noted that, based on the principle of electrostatic shielding, the quasi-static electric field from the CI probe cannot penetrate into a conducting surface. Therefore, when applied to pipe inspection, the CI method is only sensitive for defect in the insulation layer and the outer surface of the pipe. In future, the change rules of MSDs and DCRs of detecting the defects in the insulation layer and metal surface using the multi-electrode sensor will be further studied when the lift-off changes and the influence of different regions of the negative MSDs on detection results will be further analyzed.
